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This  work  investigated  magnetization  changes  in  NiFe2O4 nanoparticles  induced  by  the  adsorption  of a
series  of  carboxylic  acids.  The  application  of  formic  acid  resulted  in  a signiﬁcant  8.6%  decrease  in the  mag-
netization  of NiFe2O4 nanoparticles  at  18,000  Oe.  With  increasing  carbon  bond  number  in the  saturated
carboxylic  acids,  reductions  in  the  magnetization  of NiFe2O4 nanoparticles  became  around  4%. All  unsat-
urated  carboxylic  acids  produced  approximately  equivalent  reductions  in  the magnetization,  regardlesseywords:
iFe2O4
articles
agnetic properties
dsorption
arboxylic acids
of  their  double  bond  content.  Based  on  these  results,  the  observed  NiFe2O4 magnetization  changes  appear
to  depend  on  either  the  polarity  or the  molecular  size  of the  carboxylic  acids  and are  believed  to be caused
by  canting  or  pinning  of spins  in  the  vicinity  of particle  surfaces  following  adsorption  of the  acids.
© 2014  The  Ceramic  Society  of  Japan  and  the  Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V. All  rights  reserved.
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o. Introduction
Nickel ferrite (NiFe2O4) is a transition metal oxide which has an
nverse spinel structure and exhibits semiconducting properties.
his material is also ferrimagnetic as a result of parallel alignment
f the spins of the Fe3+ ions at tetrahedral sites and both the Ni2+
nd Fe3+ ions at octahedral sites [1].
NiFe2O4 nanoparticles in contact with organic compounds dis-
lay a variety of unique properties. The electrical resistivity of
uch nanoparticles, either as porous sintered bulk specimens or
s thin ﬁlms, has been shown to vary following the adsorption and
esorption of chlorine [2], petroleum [3], alcohols [4], and other∗ Corresponding author. Tel.: +81 258 47 9894; fax: +81 258 47 9890.
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iubstances [5]. This behavior has been explained as the result of
harge carrier density changes caused by ﬁeld effects upon adsorp-
ion and desorption of these molecules.
The spin properties of nickel ferrite are also affected by the
dsorption and desorption of organics. Berkowitz et al. [6] reported
hat the saturation magnetization of NiFe2O4 nanoparticles to
hich oleic acid had been applied was  increased by 85% follow-
ng heat treatment at 600 ◦C, a phenomenon attributed to spin
inning or canting. In recently conducted highly precise experi-
ents, the heat treatment of NiFe2O4 nanoparticles treated with
leic acid was  found to enhance grain growth [7], which might
ccount for a portion of the observed increase in saturation mag-
etization. Conversely, a direct comparison of the magnetizations
f NiFe2O4 nanoparticles either with or without adsorbed oleic acid
emonstrated that the saturation magnetization decreased by 5%
ollowing the addition of oleic acid [8]. Similar magnetic property
hanges upon organic molecule adhesion have also been reported
n other related materials [9]. Findings such as these, together with
he potential applications of these unique materials, have resulted
n signiﬁcant research in this ﬁeld.
One aspect of this phenomenon which remains to be deter-
ined is the manner in which these magnetic property changesan be maximized by tailoring the composition and structure
f the adsorbed organic molecules. In the case of carboxylic
cids, both molecular size and dipole moment can be var-
ed by changing the carbon number and the double bond
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umber. In this research, we examined the possibilities of such
ailoring by investigating changes in the magnetization charac-
eristics of NiFe2O4 upon adsorption of a variety of carboxylic
cids.
. Experimental procedure
Nanoparticles of commercial NiFe2O4 (Sigma–Aldrich) with
 median diameter of 6 nm were used in this work. Investiga-
ions were conducted by mixing 30 mg  of NiFe2O4 nanoparticles
ith 25 L of carboxylic acid and measuring magnetiza-
ion using a vibrating sample magnetometer (VSM) operating
t room temperature under applied magnetic ﬁelds up to
8,000 Oe.
In order to examine the speciﬁc causes of magnetization
hanges following adsorption of carboxylic acids, two  types of
xperiments were performed. Firstly, to ascertain the effects
f the molecular size and polarity of the carboxylic acid, the
agnetization characteristics of NiFe2O4 nanoparticles were stud-
ed following the application of saturated carboxylic acids with
ifferent carbon numbers (n). Formic (98.0%), acetic (98.0%),
ropionic (98.0%), hexanoic (99.0%) and octanoic (98.0%) acids
ere employed as saturated carboxylic acids. Secondly, the mag-
etization characteristics of NiFe2O4 particles in contact with
nsaturated carboxylic acids with different double bond numbers
ere measured. Oleic (90.0%), linoleic (88.0%) and linolenic (78.2%)
cids were used as the unsaturated carboxylic acids.
To avoid sample loss and weighing errors during handling and
ixing, the following careful sample preparations were carried
ut. First, using a balance, the weight of the NiFe2O4 nanoparticle
ample was measured in a sample capsule to be used for the magne-
ization measurements. Then, a carboxylic acid was spread over the
iFe2O4 nanoparticle sample’s surface. In this procedure, nothing
 except for the carboxylic acid and the sample capsule – touched
he NiFe2O4 nanoparticle sample. Finally, magnetic property mea-
urements were performed after calibration of the magnetometer
sing a Ni bulk standard sample. The magnetization of the NiFe2O4
anoparticle sample was calculated using the VSM data divided
y the sample weight. A minimum of three NiFe2O4 nanoparticle
amples were used to test each saturated carboxylic acid, while
wo samples were made for each unsaturated carboxylic acids. The
verage of the magnetization values was recorded.
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Fig. 1. Magnetization hysteresis curves for NiFe2O4 nanoparamic Societies 2 (2014) 41–43
. Results
Fig. 1a and b shows the magnetization hysteresis curves for
iFe2O4 nanoparticles with and without saturated carboxylic acids.
agnetization decreased following the application of each of the
aturated carboxylic acids, with formic acid inducing a particularly
igniﬁcant decrease. It is also evident from Fig. 1a that, as the car-
on number of the carboxylic acid increased, the magnetization
eduction effect diminished. Fig. 1b demonstrates that remanent
agnetization and coercive force were not signiﬁcantly changed
ue to the adsorption of saturated carboxylic acids.
Fig. 2a and b shows the magnetization hysteresis curves for
iFe2O4 nanoparticles with and without unsaturated carboxylic
cids. The magnetization decreased following the adsorption of
ach unsaturated carboxylic acid, in the same manner seen for the
aturated acids in Fig. 1a. However, there was very little differ-
nce in the effects of each acid, even though they differed in double
ond quantity. The observed variations in magnetization induced
y application of the three acids had a span of <0.23 emu/g, or 0.7%
f the original magnetization at 18,000 Oe. In addition, as seen with
he saturated acids, the remanent magnetization and coercive force
ere also practically unchanged by the addition of these acids.
Fig. 3a and b summarizes the decreases in magnetization at
8,000 Oe associated with each carboxylic acid. These results indi-
ate that the reductions in nickel ferrite magnetization ranged from
.9% to 8.6% of the original value as a consequence of encountering
he various acids. Based on the results presented in Fig. 3b, we con-
lude that the decrease in saturation magnetization depends only
n the carbon number of the acid and not on the number of double
onds.
. Discussion
This study demonstrated that the magnetization of NiFe2O4
anoparticles can be decreased by the adsorption of both saturated
nd unsaturated carboxylic acids, a behavior not noted in previous
ork [6,7]. The reduction of magnetization in NiFe2O4 nanoparti-
les was  maximum with formic acid although there was  essentially
o difference between the effects of saturated carboxylic acids
ith carbon numbers larger than two  and unsaturated carboxylic
cids with equivalent carbon contents and different double bond
umbers. These two observations suggest that the change in
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Fig. 2. Magnetization hysteresis curves for NiFe2O4 nanoparticles with and without unsaturated carboxylic acids.
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Fig. 3. Decrease in magnetization at 18,000 Oe for NiFe2O
agnetization of NiFe2O4 nanoparticles depends on either the
olarity or the molecular size of the organic compound being
dsorbed. If the latter is true, it follows that the actual quantity
f molecules adsorbed on the particle surfaces may  affect the
agnetization change.
As noted in our previous study, therefore, changes in the mag-
etization of NiFe2O4 may  be the result of spins in the vicinity of
he particle surfaces being ﬁxed [6] or canted [10] following the
dsorption of organic compounds.
. Conclusions
The magnetization of NiFe2O4 decreased following the adsorp-
ion of a series of carboxylic acids. In particular, formic acid resulted
n a signiﬁcant decrease of 8.6% in the magnetization of NiFe2O4
anoparticles.
These results suggest that the magnitude of the change in nickelerrite nanoparticle magnetization depends on either the polarity
r the molecular size of the organic compound being adsorbed,
hich in turn determines the quantity of molecules adsorbed on
he particle surfaces.
[Double Bond Number
oparticles due to surface deposition of carboxylic acids.
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